Mammalian growing oocytes (GOs) lack the ability to resume meiosis, although the molecular mechanism of this limitation is not fully understood. In the present study, we cloned cDNAs of cAMP-dependent protein-kinase (PKA) subunits from porcine oocytes and analyzed the involvement of the PKA regulation mechanism in the meiotic incompetence of GOs at the molecular level. We found a cAMP-independent high PKA activity in GOs throughout the in vitro culture using a porcine PKA assay system we established, and inhibition of the activity by injection of the antisense RNA of the PKA catalytic subunit (PKA-C) induced meiotic resumption in GOs. Then we examined the possibility that the amount of the PKA regulatory subunit (PKA-R), which can bind and inhibit PKA-C, was insufficient to suppress PKA activity in GOs because of the overexpression of two PKA-Rs, PRKAR1A and PRKAR2A. We found that neither of them affected PKA activity and induced meiotic resumption in GO although PRKAR2A could inhibit PKA activity and induce meiosis in cAMP-treated full-grown oocytes (FGOs). Finally, we analyzed the subcellular localization of PKA subunits and found that all the subunits were localized in the cytoplasm during meiotic arrest and that PKA-C and PRKAR2A, but not PRKAR1A, entered into the nucleus just before meiotic resumption in FGOs, whereas all of them remained in the cytoplasm in GOs throughout the culture period. Our findings suggest that the continuous high PKA activity is a primary cause of the meiotic incompetence of porcine GOs and that this PKA activity is not simply caused by an insufficient expression level of PKA-R, but can be attributed to more complex spatial-temporal regulation mechanisms.
INTRODUCTION
Mammalian oocytes increase their volume with ovarian follicular development, and during their growth phase, they arrest their meiosis at the first meiotic prophase. After reaching full size, they resume meiosis to the second meiotic metaphase by hormonal stimulation or isolation from follicles. The resumption of meiosis requires elevation of CDC2 kinase activity, although this elevation is inhibited in ovarian follicles by a high intraoocyte cAMP level and resulting high cAMPdependent protein-kinase (PKA) activity [1] . In meioticarrested mouse and pig oocytes, it has been reported that active PKA phosphorylates and activates WEE1B, an oocytespecific member of the WEE1 kinase family, and that the active WEE1B phosphorylates inhibitory phosphorylation sites of CDC2 in order to maintain its low activity [2] [3] [4] . The cAMP level and PKA activity in full-grown oocytes (FGOs) is decreased drastically by hormonal stimulation or isolation from follicles, resulting in inactivation of WEE1B and subsequent CDC2 activation, which induces meiotic resumption [5] .
In contrast to FGOs, meiotic resumption and CDC2 activation in growing oocytes (GOs) by hormonal stimulation or isolation from follicles are not observed even if they are grown up to 80% of their final size [6, 7] . The cause of this meiotic incompetence in mammalian GOs has been reported to be an insufficient amount of CDC2 and failure of CDC2 activation [8] [9] [10] [11] . We previously reported that the inhibition of WEE1B expression significantly increased meiotic resumption in porcine GOs and suggested that not only an insufficient amount of CDC2 but also continuous activation of WEE1B were the cause of meiotic failure in porcine GOs [11] . Because PKA may regulate WEE1B activity and the phosphorylation of CDC2 as described above, it is possible that PKA molecules and their regulation states in mammalian GOs are different from those in FGOs.
PKA is a tetrameric complex consisting of a dimer of regulatory subunits (PKA-Rs) and two catalytic subunits (PKA-Cs), which are bound and inhibited by the PKA-Rs. Activation of PKA is achieved by binding of the PKA-R with cAMP, resulting in the release of PKA-Cs from PKA-Rs and subsequent production of functional PKA-Cs. Thus, not only the amount of cAMP, but also the amount of PKA-R relative to PKA-C (i.e., the R/C ratio) is important for regulating PKA activity. Moreover, dynamic changes in PKA localization were reported during meiotic maturation of oocytes, and the subcellular localization of PKA subunits has been suggested to be involved in the regulation of PKA activity [12] [13] [14] [15] . However, only a few studies have been reported about the role of PKA in mammalian GOs, and these studies have been limited to rodents [16, 17] . In addition, the results differed between mouse and rats. Clearly, further studies in animals other than rodents are necessary for understanding PKA regulation in mammalian oocytes.
In the present report, we studied the molecular mechanisms of meiotic incompetence of porcine GO, focusing on the regulation of PKA activity. At first, we investigated the change of cAMP levels in porcine GOs and FGOs; then the fluctuation of PKA activity in these oocytes was assayed by establishing an assay system for porcine PKA activity. These results prompted us to examine the effect of each PKA subunit on meiotic resumption of porcine GO. For this purpose, we cloned cDNAs of the porcine PKA subunits, PRKAR1A and PRKAR2A, the two major isoforms of mammalian PKA-R, along with PRKACA, the major isoform of PKA-C, from total RNA of porcine oocytes, and used overexpression and expression inhibition of these molecules in porcine FGOs and GOs in order to clarify whether the R/C ratio and/or localization of PKA subunits are involved in meiotic incompetence of porcine GOs.
MATERIALS AND METHODS

Collection and Culture of Porcine Oocytes
Ovaries of prepubertal gilts were collected at a commercial slaughterhouse and transported to our laboratory at about 378C in saline. Oocytes with diameters of 95-105 lm in small follicles (0.4-1.0 mm in diameter) isolated from the ovaries were used as GOs in the present study. Full-grown oocytes with diameters of 115-125 lm were aspirated from follicles about 2-5 mm in diameter and used for FGOs. Groups of 20-25 oocytes with intact, unexpanded cumulus cells (cumulus oocyte complexes: COCs) with or without injection as described below were cultured in 0.1-ml drops of culture medium [18] up to 48 h at 378C, 100% humidity, and 5% CO 2 in air. In some cases, 3 mM cAMP analog, dibutyryl-cAMP (dbcAMP) (Sigma-Aldrich) or 50 lM roscovitine (Sigma-Aldrich), an inhibitor of MPF, was added to the culture medium. After the culture, the surrounding cumulus cells were removed as described previously [11] and the denuded oocytes were subjected to further analyses, including nuclear status examination, after being fixed with acetic acid-ethanol (1:3), and stained with 0.75% acetoorcein solution.
Concentration of cAMP
The amount of cAMP in oocytes was evaluated by cAMP Biotrak Enzymeimmunoassay System (Amersham Pharmacia Biotech AB) according to the manufacturer's instructions. Fifty to 100 denuded oocytes in 2 ll of sample buffer were placed on a glass slide and ruptured using a cover glass. The lysates were stored at À808C until use.
Preparation of GST, GST-R2, and GST-R2(S96A) Proteins
The PKA substrate domain in porcine PRKAR2A (19 amino acids, 82-100) was amplified by PCR of full-length PRKAR2A cDNA (described bellow) using the primer sets EXF and EXR (see Table 1 ). The PCR fragments were cloned into the pGEM-T Easy vector (A1360; Promega) and treated with EcoRI and XhoI (TaKaRa Shuzo Co., Ltd.); then the restriction fragment was inserted into EcoRI-and XhoI-treated pGEX4T3 (Amersham Pharmacia Biotech), a GST expression vector, in order to make a GST-fused substrate (GST-R2). A vector of nonphosphorylatable mutated GST-R2, in which serine-96 was displaced by alanine-GST-R2(S96A)-was made by PCR of a methylated vector of GST-R2 using the primer sets F and R ( Table 1 ). The methylated vector was made by using the GeneTailor Site-Directed Mutagenesis System (Invitrogen) according to the manufacturer's instructions. The proteins were expressed by culturing with vector-bearing Escherichia coli in LB medium (1% Bacto Trypton [Beckton, Dickinson and Company], 0.5% Bacto Yeast Extract [Beckton, Dickinson and Company], and 1% NaCl), containing 0.1 mg/ml ampicillin and 0.5 mM isopropyl-b-D-1-thiogalactopyranoside (IPTG; Wako), and purified by glutathione Sepharose 4B (Amersham Pharmacia Biotech) according to the manufacturer's protocol. The proteins were concentrated as far as possible using Microcon Urtracel YM-10 (Millipore), adjusted to 5 mg/ml in assay buffer (described bellow), and stored at À808C until use.
Kinase Assay
Ten denuded oocytes were lysed in 2 ll assay buffer, which consisted of buffer A described previously [19] that was modified by the addition of protease inhibitors (2 lg/ml leupeptin, 2 lg/ml aprotinin, 1 lg/ml pepstatin, 1 mM phenylmethylsulfonyl fluoride, 50 lg/ml para-aminobenzoic acid), and stored at À808C until use. To evaluate the activities of PKA, the lysates were added to 5 ll of 5 mg/ml GST-R2 (prepared as described above) and 5 ll of 0.1 mM [c- 32 P] ATP (0.4 mCi/ml; Amersham Pharmacia Biotech), and the reaction was incubated at 378C for 2 h, except for the Lineweaver-Burk plot analysis where GST-R2 was varied from 0 to 100 lg/5 ll. After incubation, 3 ll of 5 3 Laemmli buffer [20] was added to each lysate, denatured at 1008C for 5 min, and subjected to SDS-PAGE (constant current 17 mA/gel for 90 min). The proteins were visualized by staining the gel with Coomassie brilliant blue (0.25% CBB in 25% methanol and 7.5% acetic acid) and the bands of phosphorylated GST-R2 were visualized after autoradiography. In some cases, 5 ll of GST alone or 5 mg/ml GST-R2(S96A), prepared as described above and used instead of GST-R2, 2.5 ll of 2.5 lM PKA inhibitor (PKI) (SigmaAldrich), or 2.5 ll of 20 ng/ll cAMP (Sigma-Aldrich) was added to the lysates. The activities of MPF were evaluated on the basis of the histone H1 kinase activity as described in previous reports [21] .
Preparation and Modification of cDNAs
Full-length cDNAs of porcine PRKACA, PRKAR1A, PRKAR2A, and CDC2 were obtained by RT-PCR of total RNA from 10 noncultured oocytes. Total RNA was extracted using Trizol reagent (Invitrogen), and first-strand cDNA was produced by SuperScript III (Invitrogen) according to the manufacturer's instructions. PCR was performed using a thermal cycler (BioRad) and primer sets, forward (F) and reverse (R), which were designed according to the National Center for Biotechnology Information porcine expressed sequence tag database as shown in Table 1 . The PCR products were cloned into a pGEM-T Easy vector, and sequenced using a commercial sequencing kit (Applied Biosystems) and a DNA sequencer (Applied Biosystems) according to the manufacturer's instructions. For the construction of C-terminal Flag-tagged and enhanced-green-fluorescent-protein (EGFP)-tagged protein cDNAs, Bam HI sites were added at both the start and stop codons of each cDNA by PCR using the BF and BR primer sets shown in Table  1 and processed as described previously [21] .
In Vitro Synthesis of mRNA and Antisense RNA For the in vitro synthesis of sense and antisense RNAs, the vectors constructed above were linearized by restriction enzyme and transcribed in vitro with T3-, T7-, or SP6-RNA polymerase (Promega) in the presence of m 7 G(5 0 )ppp(5 0 )G to synthesize capped RNA transcripts as described previously [21] . The RNA transcripts were precipitated with absolute ethanol, washed, dried, and resuspended in RNase-free water. The RNA solutions were stored at À808C until use. The expression efficiency of synthesized mRNAs was confirmed by immunoblotting with anti-Flag antibody (described below), and the suppression efficiency of the antisense RNA of PRKACA was confirmed by RT-PCR (the same method described above) for endogenous PRKACA mRNA TABLE 1. Primers used for the preparation of vectors used in the present study.
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and ribosomal protein L19 (RPL19) mRNA (primer set shown in Table 1 ) as the internal control, using 10 oocytes cultured for 48 h after injection.
Microinjection
The RNA concentration in each RNA solution was adjusted to 0.5 lg/ll. Texas red dextran (D1864; Molecular Probes) was added to each solution at a concentration of 1 lg/ll as a marker of successful injection. Microinjection was performed in 90 ll of the culture medium using microinjectors (IM-4/5/B; Narishige) equipped with manipulators (GJ-8; Narishige) mounted on an inverted microscope (Diaphot 200; Nikon). Approximately 50 pl of RNA solution was injected into the ooplasm of each noncultured porcine COC by continuous pneumatic pressure. After the injection, all the COCs were cultured as described above, and the expression of Texas red was examined under fluorescent microscopy (IMT-2-RFL; Olympus). Only the oocytes expressing Texas red illumination were used for the analysis.
Immunoblotting
The micro-Western blotting was used for the immunoblotting of the oocytes as described previously [22] . Ten oocytes were used in each lane. The antibodies used were anti-CDC2 monoclonal antibody (1:200; SC-54; Santa Cruz Biotechnology) and anti-Flag M2 monoclonal antibody (1:200; F1804; Sigma-Aldrich). To visualize the protein-bound antibodies, horseradishperoxidase-conjugated anti-mouse IgG (1:3000; Jackson ImmunoReserch Laboratories, Inc.), was used as a second layer, followed by a detection procedure using an ECL detection kit (Amersham-Pharmacia) according to the manufacturer's protocol.
Observation of EGFP-Tagged Proteins
The oocytes expressing EGFP-tagged proteins or EGFP were denuded and fixed in 3.5% formaldehyde in PBS containing 0.1% polyvinylpyrrolidone (PBS-PVP) at room temperature for 1 h and stained with 0.1 mg/ml propidium iodide (Invitrogen) in PBS-PVP for 30 min. The oocytes were then washed in PBS-PVP, mounted on a glass slide, and observed using a confocal laser scanning microscope (LSM510-V2.01, Axio-plan MOT; Carl Zeiss).
Statistical Analysis
Statistical analyses were performed using JMP software (SAS Institute). Student t-test and Tukey-Kramer HSD test was used for pairwise and multiple comparison, respectively; P , 0.05 was considered to be statistically significant.
RESULTS
Concentration of cAMP in GO and FGO During In Vitro Culture
To determine whether the cAMP concentration in GO is maintained at a high level even after isolation from follicles, we examined the amount of cAMP in GOs and FGOs by enzyme immunoassay during in vitro culture. The cAMP amount per oocyte volume (cAMP concentration), was approximately the same in GOs and FGOs immediately after isolation from follicles as reported previously using rat oocytes [23] , and the high concentration in FGOs decreased after in vitro culture (Fig. 1) . Intriguingly, the cAMP concentration also decreased dramatically in GOs after isolation and culture for 24 h (Fig. 1) . These results suggest that the inability of meiotic resumption in GOs cannot be attributed to the maintenance of high cAMP concentration during in vitro culture.
Establishment of In Vitro Assay System for Porcine PKA Activity
To examine PKA activity in GOs, we tried to establish an in vitro assay system for porcine PKA activity. Because both the PKA target sequence (RRXS) and the self-phosphorylation site, serine 96, are conserved in porcine PRKAR2A ( Fig. 2A) , we used the PKA self-phosphorylation sequence in PRKAR2A [24] as a substrate for this assay system. A GST-fused substrate sequence (GST-R2) expressed in E. coli was purified (Fig. 2B ) and reacted with FGO lysate and [c-
32 P]-ATP, and a single band was detected by autoradiography ( Fig. 2B) , while no specific signal was detected using GST alone or GST-R2(S96A) in which serine-96 was replaced by nonphosphorylatable alanine (Fig. 2C) . Addition of PKI or cAMP to the present assay system inhibited or accelerated the GST-R2 phosphorylation, respectively (Fig. 2D) . A Lineweaver-Burk plot was calculated from the relationship between GST-R2 concentration and the rate of phosphorylation (Fig. 2E) , and the resulting plot is shown in Figure 2F . It is an almost straight line with a coefficient of correlation of 0.997. The calculated Michaelis constant (Km) for GST-R2 was 11.1 lM. These results indicate that GST-R2 was phosphorylated at serine-96 by PKA of porcine oocyte in the present system and that an in vitro assay system for porcine PKA activity was established successfully.
PKA Activities of Porcine GOs and FGOs During In Vitro Culture
Using the assay system described above, we examined PKA activities of porcine GOs and FGOs during in vitro culture. As the average diameters of FGOs and GOs in the present study were 120.3 lm and 100.0 lm, respectively, we calculated the PKA activity per oocyte volume (Fig. 3A) . In line with the change in the cAMP concentration described above (Fig. 1) , the PKA activity of FGO decreased as the in vitro culture progressed (Fig. 3A) . However, the PKA activity of GOs was maintained at a high level regardless of the cAMP decrease (Fig. 3A) . These results suggest that PKA activity in porcine GOs is independent from cAMP concentration and implies that this continuous activation of PKA is possibly a cause of the meiotic incompetence of GOs.
Effect of PKA Inhibition on the Meiotic Competence of Porcine GOs
To determine whether the continuous activation of PKA is the cause of the meiotic incompetence of GOs, we attempted to inhibit the PKA activity of GOs. We cloned porcine PRKACA, an isoform of PKA-C, and injected its antisense RNA (asPKA-C) into porcine GOs. The PKA activity of GOs injected with asPKA-C was decreased to about 50% of that of noninjected 
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GOs at 48 h of culture (Fig. 3B) . The germinal vesicle breakdown (GVBD) rate of GOs was significantly increased by the injection of asPKA-C, and its effect on the GVBD rate was higher than that of PKI injection (Fig. 3C) . Furthermore, we overexpressed Flag-tagged CDC2 (CDC2-Flag), which was reported previously to increase the GVBD rate of porcine GOs, and inhibited PKA simultaneously by coinjection of CDC2-Flag mRNA and asPKA-C. The expression of CDC2 was confirmed by immunoblotting with the anti-Flag antibody (Fig.  3C, upper panel) . As a result, about 70% of the GOs resumed meiosis, while about 30% or 50% of GOs injected with asPKA-C or CDC-Flag mRNA alone resumed meiosis, respectively (Fig. 3C) . These results indicate that the continuous activation of PKA is the primary impediment to GO meiosis as well as the reported CDC2 insufficiency, and that these two impediments act additively to cause the meiotic incompetence of GOs.
Effects of Overexpression of PKA Regulatory Subunits on Meiotic Resumption and PKA Activity in Porcine FGOs
Although it is generally accepted that PKA activity depends on cAMP concentration, the R/C ratio is also known to be important in regulating PKA activity because a low PKA-R level relative to PKA-C leads an increase of free PKA-C, which is enzymatically active. Therefore, we considered that cAMPindependent PKA activity in GOs could be attributed to an inadequate amount of PKA-R, which responds to cAMP and negatively regulates the PKA-C activity. In order to study the effects of PKA-R on the meiotic resumption and PKA activity in porcine GOs, we cloned porcine PRKAR1A and PRKAR2A as major porcine isoforms of type1 and type2 PKA-R (PKA-R1 and PKA-R2, respectively) from porcine oocytes. To confirm their effects on the suppression of PKA activity and meiotic resumption, we first overexpressed Flag-tagged PRKAR1A (R1-Flag) or PRKAR2A (R2-Flag) in FGOs cultured in the presence of dbcAMP, which activates PKA and inhibits spontaneous meiotic resumption. The expression of R1-Flag and R2-Flag was confirmed by immunoblotting with the antiFlag antibody (Fig. 4A) . The overexpression of R1-Flag had little effect on PKA activity (Fig. 4B ) or meiotic resumption (Fig. 4C) . On the other hand, FGOs overexpressing R2-Flag showed significantly lower PKA activity than noninjected FGOs (Fig. 4B ) and resumed meiosis while noninjected FGOs were maintained at the germinal vesicle (GV) stage by dbcAMP (Fig. 4C) . These results indicate that PKA-R2, rather than PKA-R1, functions in the meiotic regulation of porcine oocytes, at least in FGOs.
Effects of Overexpression of PKA Regulatory Subunits on Meiotic Resumption and PKA Activity in Porcine GOs
We hypothesized that the amount of PKA-R in GOs was low and insufficient to suppress the PKA activity. To validate this hypothesis, we next injected mRNA of R1-Flag or R2-Flag into GOs and examined whether their overexpression could repress the PKA activity and promote the meiotic resumption in porcine GOs. Unexpectedly, while the expression of R1-Flag or R2-Flag was confirmed by immunoblotting with the
FIG. 2. Establishment of in vitro assay system for porcine cAMP-dependent protein kinase (PKA) activity. A)
Comparison of partial amino acid sequences of mouse, human, and pig PRKAR2A. The PKA target sequence is indicated by shading. The sequence used for the substrate of the in vitro kinase assay in this study is underlined. The identical and conserved amino acids among the three species are indicated by asterisks and colons, respectively. B) Preparation of the substrate for the porcine PKA assay. Whole lysates of E. coli expressed GST alone (lane 1) or GST-substrate fusion protein (GST-R2; lane 2), and affinity-purified GST and GST-R2 (lanes 3 and 4, respectively) were subjected to SDS-PAGE and Coomassie brilliant blue (CBB) staining. Purified GST and GST-R2 were subjected to the kinase assay with porcine FGO extract and visualized by autoradiography after SDS-PAGE (lanes 5 and 6, respectively). C) Purified GST and GST-R2 (wild-type, WT; serine-96 mutated to alanine, S96A) were subjected to the present assay system with porcine FGO extract (upper part) and CBB staining (lower part). D) Effects of 12.5 pmol PKA inhibitor (PKI) or 50 ng cAMP addition into the present assay system on the PKA activities assayed using porcine FGO extract and purified GST-R2. E) Relationship between GST-R2 concentration and porcine PKA activity. Phosphorylation rates are shown as relative to that of 25 lg GST-R2 value. F) The Lineweaver-Burk plot calculated from E.
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anti-Flag antibody (Fig. 5A) , their overexpression had no effect on PKA activity (Fig. 5B) or meiotic resumption in GOs (Fig.  5C ). These results suggest that the meiotic incompetence of GOs is not attributed to an insufficient amount of PKA-Rs and imply the presence of more complex mechanisms contributing to the cAMP-independent PKA activity in GOs.
Subcellular Localization of PKA Subunits in Porcine GV Oocytes
To address the cause of complex PKA regulation mechanisms in GOs, we examined subcellular localization of PKA subunits in porcine GV oocytes because it has been reported that PKA localization is important for regulating its activity and meiotic progression [15] . As there are no reliable antibodies for detecting the localization of endogenous porcine PKA subunits, we examined their localization by the expression of EGFP-tagged PRKAR1A (R1-EGFP), EGFP-tagged PRKAR2A (R2-EGFP), or EGFP-tagged PRKACA (C-EGFP) in GOs and FGOs. After the injection of the corresponding mRNAs into GOs and FGOs, all the PKA subunits were localized in the cytoplasm, but not in the GV, of both GOs (Fig. 6, A, E, and I) and FGOs (Fig. 6, C , G, and K) at 6 h of 
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culture, while wild-type EGFP could be detected in both the GV and cytoplasm (Fig. 6 , M-P) of both oocyte types. At 18 h, when some FGOs began to resume meiosis, C-EGFP and R2-EGFP, but not R1-EGFP, entered into the GV in FGOs (Fig. 6 , D, H, and L), while no subunits entered into the GV in GOs, even at 48 h (Fig. 6, B , F, and J). This nuclear localization was not due to breakdown of the nuclear membrane because roscovitine, an inhibitor of CDC2 kinase and nuclear membrane breakdown, had no effect on the R2-EGFP localization in both GOs and FGOs (Fig. 7) . These results indicate that the PKA localization in FGOs would change before CDC2 activation and meiotic resumption as a response to the decline of cAMP concentrations and that an unknown mechanism regulating PKA localization in GOs might be involved in the cAMP-independent continuous PKA activity and meiotic incompetence of GOs.
DISCUSSION
In the present study, we analyzed the mechanisms of the meiotic incompetence of mammalian GOs using porcine GOs as a model, focusing on PKA activity and its regulation. We previously reported that the continuous activation of WEE1B, which was phosphorylated and activated by PKA, was one of the causes of meiotic incompetence in porcine GOs [11] . This result indicates the possibility that the cAMP concentration and/or PKA activity is not decreased in GOs even after GOs are released from ovarian follicles. Therefore, we first examined NISHIMURA ET AL.
the cAMP concentration and PKA activity during in vitro culture and showed that PKA activity was maintained at a high level in GOs in spite of a decrease in the cAMP concentration.
In addition, inhibition of PKA activity by the injection of PKI or the antisense RNA of PKA-C induced meiotic resumption in GOs. These results indicate that the continuous activation of PKA regardless of the cAMP concentration is one of the primary causes of meiotic incompetence in porcine GOs. Although the effects of PKA inhibition by PKI have been previously reported using rodent GOs, the results differ according to species; PKI induced meiotic resumption in rat GOs [16] but not in mouse GOs [17] , indicating the necessity of further investigations in other species. Moreover, the nonspecific effects of PKI could not be denied, and the decrease of PKA activity by injected PKI was not confirmed by the use of a kinase assay in the previous reports [16, 17] . Therefore, the present study, where we used not only PKI but also PKA-C antisense RNA, which is a more specific inhibitor of PKA than PKI, and where we confirmed the decrease of PKA activity by an in vitro kinase assay system that we devised, might be the first report showing clear evidence at the molecular level that continuous PKA activation was the primary cause of meiotic incompetence of mammalian GOs. We also reported previously that an insufficient amount of CDC2 was another cause of the meiotic incompetence of porcine GOs [11] . In the present report, we revealed that the GVBD rate was higher in both CDC2-overexpressed and PKAinhibited GOs than in either CDC2-overexpressed or PKAinhibited GOs. These results are similar to those found in the previous report where WEE1B suppression was used instead of PKA inhibition and GVBD rates were examined in CDC2-overexpressed and/or WEE1B-suppressed GOs [11] . Because PKA phosphorylates and activates WEE1B [2] [3] [4] [5] , the effect of continuous PKA activation in GOs could be mediated by continuous WEE1B activation and inhibition of CDC2 kinase by activated WEE1B. These facts indicate that CDC2 activity is inhibited both quantitatively and qualitatively rather than by either of mechanism alone, implying that a double-pronged mechanism is used by mammalian GOs in preventing an unexpected activation of CDC2.
In the present study, porcine GOs had high PKA activity in spite of a decrease of cAMP concentration. Although it is generally accepted that PKA activity depends on cAMP concentration, the R/C ratio is also known to be important in regulating PKA activity because a low PKA-R level relative to PKA-C leads an increase of free PKA-C, which is enzymatically active. For example, pancreatic a-type cells [25] and Aplysia sensory neurons [26] have been reported to have high basal activity of PKA because of relatively low PKA-R levels. From this point of view, we hypothesized that the amount of PKA-R in GOs was low and insufficient to suppress the PKA activity. However, neither PRKAR1A nor PRKAR2A overexpression affected PKA activity and meiotic resumption in GOs. It is unclear which type of PKA-R, PKA-R1 or PKA-R2, functions in the meiotic resumption of mammalian oocytes [15, 27] ; we confirmed that exogenous PKA-R2 functions at least in FGOs to inhibit PKA activity and induce meiotic resumption in FGOs whose spontaneous meiotic resumption was inhibited by dbcAMP. These results suggest that the maintenance of the high PKA activity in GOs is not a result of an insufficient PKA-R level. Previously, the concentrations of PKA-R1, PKA-R2, and PKA-C were examined by immunoblotting in rat GOs, and a R/C ratio was believed not to have contributed to the high PKA activity [16] . In the present study, we revealed directly using a molecular biological technique that this lack of connection was in fact the case in porcine GOs.
In addition to the R/C ratio, the ratio of PKA-R1 and PKA-R2 (R1/R2 ratio) also affects the PKA activity given the same cAMP concentration because PKA-R1 is more responsive to cAMP levels than PKA-R2 [12] [13] [14] . Because rat GOs have been reported to express more PKA-R1 than PKA-R2 [16] , it is possible that this high R1/R2 ratio contributes, at least in part, to maintaining the PKA activity even at low cAMP concentrations. In the present case of porcine GOs, overexpression of PKA-R1 or PKA-R2 might have changed the R1/ R2 ratio, but this did not affect PKA activity and meiotic resumption of GOs. Therefore, the R1/R2 ratio appears not to be involved in continuous PKA activity and meiotic incompetence, at least in porcine GOs.
Recently, it has been reported that intracellular localization of PKA and its regulation are involved in the meiotic progression of rodent oocytes [15] . In GV-stage oocytes in rodents, PKA-R1, PKA-R2, and PKA-C are all localized in the cytoplasm, and after GVBD, PKA-R1 localizes at the spindle and PKA-R2 and PKA-C localize in the cytoplasm or the mitochondria [15, 28, 29] . In the present study using porcine oocytes, we showed that all the PKA subunits localized in the cytoplasm of GV-stage oocytes, and PKA-R2 and PKA-C translocated into the GV of FGOs just before GVBD while PKA-R1 continued to localize only in the cytoplasm. This translocation was not attributed to the breakdown of the nuclear membrane because an inhibitor of nuclear membrane breakdown had no effect on their localization in either GOs or FGOs. As noted, this translocation was observed only for PKA-R2, which was effective at PKA inactivation and meiotic resumption in FGOs but was not detected in GOs, indicating the involvement of subcellular localization in PKA inactivation and meiotic resumption. It is generally accepted that the Akinase anchoring proteins (AKAP), which contain a targeting domain for specific subcellular localizations, translocate PKA to some intracellular compartments by binding to PKA-Rs. There are more than 40 members in the AKAP family [30] , and it has been reported that at least AKAP1, AKAP2, and AKAP7c are expressed in mouse oocytes [15, 31, 32] . Among these AKAPs, AKAP1 has been reported to be essential for meiotic maturation involved in the translocation of PKA-R2 to the mitochondria [15] . Interestingly, the expression of AKAP1 in GOs also has been reported to be lower than in FGOs [16, 31] . Hence, it is possible that AKAP1 expression is at least partly responsible for the difference between GOs and FGOs in PKA AND MEIOTIC INCOMPETENCE IN PIG GROWING OOCYTE the regulation of PKA activity and localization. However, this has not been confirmed so far, and the expression or functions of AKAPs in porcine oocytes has never been reported. It is necessary to analyze AKAPs further to understand the mechanisms involved in the regulation of PKA localization and activity in mammalian GOs.
In conclusion, the present results suggest that continuous high PKA activity is one of the primary causes of the meiotic incompetence of GOs and that this high PKA activity cannot simply be attributed to the cAMP concentration or R/C ratio. Rather, it appears to be regulated by more complex spatialtemporal mechanisms. Further studies focusing on AKAPs might be required to elucidate the mechanism of PKA regulation and meiotic incompetence.
